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Introduction {#sec001}
============

Immune checkpoint inhibitors that target the programmed cell death-1 (PD-1)/programmed cell death-ligand-1 (PD-L1) pathway have been shown to provide survival benefit in non-small cell lung cancer (NSCLC) compared with conventional standard therapy \[[@pone.0217991.ref001]--[@pone.0217991.ref006]\], and have become a standard treatment option for advanced-stage NSCLC. Moreover, many combination therapies that include such immune checkpoint inhibitors, chemo- or radiation therapy, and another immunotherapy agent (such as an indoleamine 2,3-dioxygenase-1 \[IDO1\] inhibitor), have been explored to treat various solid tumors, including advanced-stage NSCLC \[[@pone.0217991.ref007]--[@pone.0217991.ref014]\].

Although the US Food and Drug Administration has approved these immunotherapies only for advanced NSCLC, several ongoing clinical trials for preoperative immunotherapy for stage I--III NSCLC, including CheckMate-816 (ClinicalTrials.gov NCT02998528) and KEYNOTE-091 (ClinicalTrials.gov NCT02504372), offer immunotherapy as a perioperative treatment option for early-stage NSCLC. Moreover, our recent reports indicated that not only PD-L1 but also programmed cell death-ligand-2 (PD-L2), another PD-1 ligand, and IDO1 independently contribute to poor prognoses in patients with resected lung adenocarcinoma (AD) \[[@pone.0217991.ref015], [@pone.0217991.ref016]\]. Therefore, determining the clinical significance of tumor-cell expression of these immune-related factors, PD-L1, PD-L2, and IDO1, and exploring their predictive value in resected NSCLC specimens, could be clinically useful.

Many convenient blood-based immune biomarkers, such as plasma PD-L1, neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, and C-reactive protein (CRP), have been widely studied as markers for prognosis and monitoring \[[@pone.0217991.ref017]--[@pone.0217991.ref020]\]. Moreover, Tanizaki et al. showed that a baseline signature of a low absolute neutrophil count (ANC), high absolute lymphocyte count (ALC), and high absolute eosinophil count (AEC) was associated with better outcome for patients treated with nivolumab \[[@pone.0217991.ref021]\]. Therefore, levels of peripheral blood markers, such as white blood cells (WBC), ANC, ALC, absolute monocyte count (AMC), AEC, serum CRP, and serum lactate dehydrogenase (LDH) levels, could plausibly predict expression of immune-related factors. Our previous report demonstrated that serum CRP was significantly associated with PD-L1 expression and was an independent predictor of PD-L1 expression in NSCLC patients \[[@pone.0217991.ref022]\]. However, associations among PD-L2 and IDO1 expression and peripheral blood markers in NSCLC patients have not previously been reported.

In this translational study, we examined associations between expression of the immune-related factors, PD-L2 and IDO1, and peripheral blood markers, including WBC, ANC, ALC, AMC, AEC, serum CRP, and serum LDH levels, in patients with resected primary lung AD.

Materials and methods {#sec002}
=====================

Patients and samples {#sec003}
--------------------

We retrospectively identified consecutive patients with stage I--III primary lung AD who underwent complete tumor resections between January 2003 and December 2015 at the Department of Surgery and Science, Graduate School of Medical Sciences, Kyushu University. We excluded patients who received neoadjuvant therapy from this study because the possibility of inconsistent tumor microenvironments before and after neoadjuvant therapy could not be ruled out. Finally, we identified 640 patients, of whom 448 (70%) were drawn by simple random sampling using JMP 13.0 (SAS Institute, Cary, NC), to reduce possible bias caused by the retrospective nature of this study, and enrolled them in this single-institution retrospective study.

Preoperative clinical features, including age at surgery, sex, smoking status, clinical tumor-node-metastasis stage (7^th^ edition) \[[@pone.0217991.ref023]\], and peripheral blood markers (WBC, ANC, ALC, AMC, AEC, serum CRP, and serum LDH) were determined on hospital admission, before surgery. Clinical information was obtained from patients' medical records; the patients' information was anonymized before we gained access to it. This study was approved by our institutional review board (Kyushu University, IRB No. 30--402). Our institutional review board waived consent, in view of the retrospective nature of this study.

PD-L2 and IDO1 expression analysis {#sec004}
----------------------------------

We used 4-μm-thick formalin-fixed and paraffin-embedded (FFPE) tumor tissue sections from 640 consecutive patients with primary lung AD to conduct immunohistochemistry tests for IDO1, among which samples from 427 patients were immunohistochemically tested for PD-L2, using commercially available antibodies, as previously described (anti-PD-L2 antibody at 1:200 dilution \[mouse monoclonal, clone 176611, R&D Systems, Minneapolis, MN\] and anti-IDO1 antibody at 1:200 dilution \[mouse monoclonal, clone UMAB126, Origene Technologies, Rockville, MD\]) \[[@pone.0217991.ref015], [@pone.0217991.ref016], [@pone.0217991.ref024]--[@pone.0217991.ref029]\]. The cohort of 448 patients included 294 patient samples (65.6%) for which PD-L2 immunohistochemistry data were available; these 294 patients had both PD-L2 and IDO1 immunohistochemistry data.

All immunohistochemical data were evaluated by two experienced observers (K.T. and K.K.) who were blinded to patients' clinical status. Final assessments were achieved by consensus. Membrane PD-L2 expression and cytoplasmic IDO1 expression on tumor cells were defined by tumor proportion score (TPS). Samples with TPS \< 1% were considered negative in this study, with reference to our previous reports \[[@pone.0217991.ref015], [@pone.0217991.ref016]\]. Representative images of immunohistochemical staining for PD-L2 and IDO1 are shown in **[Fig 1](#pone.0217991.g001){ref-type="fig"}**. Although FFPE samples were produced over an approximately 13-year period, the conditions for preparing them remained the same. For example, formalin penetration time has been within 48 hours over this period. Immunohistochemistry stainability did not differ between old (2003--2007) and new (2008--2015) FFPE samples (**[S1 Table](#pone.0217991.s001){ref-type="supplementary-material"}**).

![Representative images of immunohistochemical staining for PD-L2 and IDO1 in specimens from patients with primary lung adenocarcinoma.\
(A) Positive membrane staining for PD-L2. (B) Positive cytoplasmic staining for IDO1. Scale bar: 50 μm. PD-L2, programmed cell death-ligand-2; IDO1, indoleamine 2,3-dioxygenase-1.](pone.0217991.g001){#pone.0217991.g001}

Statistical analysis {#sec005}
--------------------

Patient demographics and baseline characteristics were summarized using descriptive statistics or contingency tables. Associations between immune-related factors expressed on tumor cells and peripheral blood markers were evaluated using Student's *t*-test. Cut-off values for peripheral blood markers were determined by receiver operating characteristic (ROC) curve analyses. The relationships between PD-L2 and IDO1 expression and other patient characteristics were analyzed by logistic regression model with the backward elimination method. All statistical analyses were performed using JMP 13.0 (SAS Institute, Cary, NC). *P* \<0.05 was considered significant.

Results {#sec006}
=======

Patient characteristics {#sec007}
-----------------------

Patients' characteristics are listed in **[Table 1](#pone.0217991.t001){ref-type="table"}**. Their median age was 69 years (range: 34--87 years); 218 (48.7%) were men; 215 (48.0%) were smokers. Disease stages among the 448 patients were stage I: *n* = 344 (76.8%), stage II: *n* = 56 (12.5%), and stage III: *n* = 48 (10.7%).

10.1371/journal.pone.0217991.t001

###### Patient demographics and baseline characteristics.

![](pone.0217991.t001){#pone.0217991.t001g}

                                                                  Value or no. of patients   
  -------------------------------------------- ------------------ -------------------------- -------------
  Age (years)                                  Median             69                         69
                                               Range              34--87                     29--88
  Sex                                          Female             230 (51.3%)                325 (50.8%)
                                               Male               218 (48.7%)                315 (49.2%)
  Smoking status                               Never-smoker       233 (52.0%)                326 (50.9%)
                                               Smoker             215 (48.0%)                314 (49.1%)
  Stage                                        I                  344 (76.8%)                489 (76.4%)
                                               II                 56 (12.5%)                 78 (12.2%)
                                               III                48 (10.7%)                 73 (11.4%)
  WBC (/μL)                                    Median (average)   5655 (5923)                5660 (5925)
                                               Range              1620--17150                1620--17150
  ANC (/μL)                                    Median (average)   3396 (3723)                3379 (3687)
                                               Range              729--14766                 729--14766
  ALC (/μL)                                    Median (average)   1571 (1640)                1597 (1676)
                                               Range              520--5653                  450--7832
  AMC (/μL)                                    Median (average)   301 (325)                  298 (324)
                                               Range              81--786                    81--807
  AEC (/μL)                                    Median (average)   132 (169)                  132 (170)
                                               Range              0--1339                    0--2403
  Serum CRP (mg/dL)                            Median (average)   0.06 (0.26)                0.06 (0.26)
                                               Range              0.01--10.73                0.01--10.73
  Serum LDH (U/L)                              Median (average)   191 (196)                  192 (196)
                                               Range              85--413                    75--413
  PD-L2[\*](#t001fn001){ref-type="table-fn"}   Negative           91 (31.0%)                 123 (28.8%)
                                               Positive           203 (69.0%)                304 (71.2%)
  IDO1                                         Negative           150 (33.5%)                220 (34.4%)
                                               Positive           298 (66.5%)                420 (65.6%)

\*Cases for which data were available.

AEC: absolute eosinophil count; ALC: absolute lymphocyte count; AMC: absolute monocyte count; ANC: absolute neutrophil count; CRP: C-reactive protein; IDO1: indoleamine 2,3-dioxygenase-1; LDH: lactate dehydrogenase; PD-L2: programmed cell death-ligand-2; WBC: white blood cells.

Among the 448 patients' samples, 298 (66.5%) were positive for IDO1 expression. Among 294 patients' samples, 203 (69.0%) were positive for PD-L2 expression. Mean values for laboratory and blood tests were WBC: 5923/μL (range: 1620--17150/μL), ANC: 3723/μL (range: 729--14766/μL), ALC: 1640/μL (range: 520--5653/μL), AMC: 325/μL (range: 81--786/μL), AEC: 169/μL (range: 0--1339/μL), serum CRP: 0.26 mg/dL (range: 0.01--10.73 mg/dL), and serum LDH: 196 U/L (range: 85--413 U/L).

Association between peripheral blood markers and immune-related factors expressed on tumor cells {#sec008}
------------------------------------------------------------------------------------------------

First, we examined associations between levels of PD-L2 and IDO1 and peripheral blood markers, including WBC, ANC, ALC, AMC, AEC, serum CRP, and serum LDH (**[Table 2](#pone.0217991.t002){ref-type="table"}**). Among patients with IDO1^+^ tumors, levels of AMC (*P* = 0.0071) and AEC (*P* = 0.0321) were significantly higher than those with IDO1^−^ tumors (Student's *t*-test). However, PD-L2 expression was not associated with any peripheral blood markers.

10.1371/journal.pone.0217991.t002

###### Summary of associations between immune-related factors expressed on tumor cells and peripheral blood markers in patients with resected primary lung adenocarcinoma.

![](pone.0217991.t002){#pone.0217991.t002g}

  Peripheral blood markers   Peripheral blood markers by immune-related factors, mean value (range)                                                                           
  -------------------------- ------------------------------------------------------------------------ -------------------- -------- -------------------- -------------------- --------
  WBC (/μL)                  5878 (1620--12970)                                                       6027 (2400--17150)   0.5491   5884 (2410--17150)   5942 (1620--14800)   0.7564
  ANC (/μL)                  3630 (729--9559)                                                         3814 (1041--14766)   0.3790   3770 (1041--14766)   3699 (729--12432)    0.6483
  ALC (/μL)                  1724 (520--3687)                                                         1686 (549--5653)     0.6224   1610 (520--5653)     1654 (580--3844)     0.4546
  AMC (/μL)                  319 (81--713)                                                            327 (99--786)        0.5868   303 (99--786)        336 (81--784)        0.0071
  AEC (/μL)                  174 (0--740)                                                             169 (0--1115)        0.8022   148 (0--652)         180 (0--1339)        0.0321
  Serum CRP (mg/dL)          0.21 (0.01--5.29)                                                        0.32 (0.01--10.73)   0.4021   0.16 (0.01--4.50)    0.32 (0.01--10.73)   0.0797
  Serum LDH (U/L)            195 (99--343)                                                            197 (113--322)       0.7536   192 (99--309)        198 (85--413)        0.1264

\*Cases for which data were available.

AEC: absolute eosinophil count; ALC: absolute lymphocyte count; AMC: absolute monocyte count; ANC: absolute neutrophil count; CRP: C-reactive protein; IDO1: indoleamine 2,3-dioxygenase-1; LDH: lactate dehydrogenase; PD-L2: programmed cell death-ligand-2; WBC: white blood cells.

Relationships between IDO1 expression and other patient characteristics {#sec009}
-----------------------------------------------------------------------

Next, we examined associations between IDO1 expression and other patient characteristics. We determined optimal AMC and AEC cut-off levels using ROC curve analyses (**[Fig 2](#pone.0217991.g002){ref-type="fig"}**). In multivariate analyses, advanced stage (*P* = 0.0090), higher AMC (*P* = 0.0195), and higher AEC (*P* = 0.0015) were independent predictors of IDO1 expression (**[Table 3](#pone.0217991.t003){ref-type="table"}**).

![Representative images of receiver operating characteristic curves to determine cut-off values in the analysis of the relationship between IDO1 and patient characteristics.\
(A) AMC and (B) AEC. AMC: absolute monocyte count; AEC: absolute eosinophil count; IDO1: indoleamine 2,3-dioxygenase-1; AUC: area under curve.](pone.0217991.g002){#pone.0217991.g002}

10.1371/journal.pone.0217991.t003

###### Univariate and multivariate analyses of relationships between IDO1 expression and other patient characteristics.

![](pone.0217991.t003){#pone.0217991.t003g}

  Characteristics   Univariate analysis   Multivariate analysis                                
  ----------------- --------------------- ----------------------- -------- ------------------- --------
  Age (years)       ≥ 70/\< 70            1.11 (0.75--1.65)       0.5947                       
  Sex               Male/female           1.50 (1.01--2.22)       0.0459                       
  Smoking status    Smoker/never-smoker   1.38 (0.93--2.05)       0.1100                       
  Stage             ≥ II/I                2.06 (1.23--3.44)       0.0057   2.01 (1.19--3.38)   0.0090
  AMC (/μL)         ≥ 270/\< 270          1.92 (1.28--2.88)       0.0017   1.65 (1.08--2.52)   0.0195
  AEC (/μL)         ≥ 105/\< 105          2.21 (1.48--3.32)       0.0001   1.97 (1.30--2.99)   0.0015

AEC: absolute eosinophil count; AMC: absolute monocyte count; CI: confidence interval; IDO1: indoleamine 2,3-dioxygenase-1; OR: odds ratio.

IDO1 expression rates by clinical characteristics {#sec010}
-------------------------------------------------

Based on the above results, we analyzed percentages of IDO1^+^ tumors by clinical characteristics (**[Table 4](#pone.0217991.t004){ref-type="table"}**). Among patients with higher AMC, higher AEC and advanced stage disease, 84.3% (43/51) had IDO1^+^ tumors, compared with 42.4% (28/66) among patients with lower AMC, lower AEC and stage I disease.

10.1371/journal.pone.0217991.t004

###### Summary of IDO1 expression frequency by clinical characteristics.

![](pone.0217991.t004){#pone.0217991.t004g}

  AMC (/μL)   AEC (/μL)   Percentage of IDO1+ tumors                   
  ----------- ----------- ---------------------------- --------------- -----------------
  \< 270      \< 105      42.4% (28/66)                66.7% (10/15)   46.9% (38/81)
  \< 270      ≥ 105       63.8% (37/58)                78.9% (15/19)   67.5% (52/77)
  ≥ 270       \< 105      61.5% (40/65)                68.4% (13/19)   63.1% (53/84)
  ≥ 270       ≥ 105       72.3% (112/155)              84.3% (43/51)   75.2% (155/206)

AEC: absolute eosinophil count; AMC: absolute monocyte count; IDO1: indoleamine 2,3-dioxygenase-1.

Discussion {#sec011}
==========

In the current study, we examined associations between the expression levels of two immune-related factors (PD-L2 and IDO1) and peripheral blood markers (WBC, ANC, ALC, AMC, AEC, serum CRP, and serum LDH) in patients who had undergone resections of primary lung AD. We found that advanced stage, higher AMC, and higher AEC were independent predictors of IDO1 expression. However, PD-L2 expression was not associated with any tested peripheral blood markers. Therefore, peripheral blood markers such as AMC and AEC could plausibly be used to predict expression of the immune-related factor IDO1 in lung AD.

IDO1 is a rate-limiting enzyme that catabolizes conversion of tryptophan into a stable metabolite under the kynurenine pathway. It is expressed by antigen-presenting cells, including tumor cells that are exposed to interferon-γ and other proinflammatory stimuli in the tumor microenvironment \[[@pone.0217991.ref030], [@pone.0217991.ref031]\]. IDO1 plays an important role in immune tolerance \[[@pone.0217991.ref032], [@pone.0217991.ref033]\], and is a potential immune-based therapeutic target. In particular, a combination of an IDO1 inhibitor and a PD-1/PD-L1 inhibitor is expected to be an effective treatment option that is currently being tested in many ongoing clinical trials for patients with various solid tumors, including NSCLC \[[@pone.0217991.ref013], [@pone.0217991.ref014], [@pone.0217991.ref034]--[@pone.0217991.ref039]\]. We therefore believe that identifying predictive markers for IDO1 expression is important. We recently evaluated relationships among IDO1 expression, patient prognosis and clinicopathological features (including PD-L1 expression) in lung AD \[[@pone.0217991.ref016]\]. In that study, tumor grade, vascular invasion, and PD-L1 expression were independent predictors of IDO1 expression, but these were all pathological findings rather than clinical features. In that context, positive correlations between IDO1 expression and higher AMC and higher AEC are noteworthy. Moreover, our results imply the existence of a mechanistic link between IDO1 expression and higher AMC and higher AEC. Recently, Tanizaki et al. showed that high AEC was significantly associated with better outcomes among patients with NSCLC treated with nivolumab \[[@pone.0217991.ref021]\], and Seeber et al. found that high IDO1 expression was associated with response to anti-PD-1 drugs in metastatic renal cell carcinoma \[[@pone.0217991.ref040]\]. Together, these findings suggest that IDO1 expression could also be a predictor for response to PD-1/PD-L1 immune checkpoint inhibitors in NSCLC. Factors to predict IDO1 expression may therefore be clinically useful. Future studies of the relationship between IDO1 expression and response to anti-PD-1/PD-L1 inhibitors in NSCLC are required.

PD-L2 is the second identified ligand for the PD-1 \[[@pone.0217991.ref041]\]. Few studies have explored PD-L2 expression in NSCLC, and the role of PD-L2 in the tumor microenvironment; a prognostic or predictive marker has not been established \[[@pone.0217991.ref042]--[@pone.0217991.ref046]\]. However, our previous report showed that PD-L2 expression might be a target of immune checkpoint inhibitors in NSCLC patients with negative PD-L1 expression \[[@pone.0217991.ref025]\]. Therefore, we thought that determining the clinical significance of PD-L2 expression in NSCLC was important. Recently, we examined the prognostic effect of PD-L2 expression on NSCLC patients after surgery \[[@pone.0217991.ref015], [@pone.0217991.ref029]\], and the radiological features of PD-L2-positive lung AD \[[@pone.0217991.ref028]\].

The present study is the first to examine the association between PD-L2 expression and peripheral blood markers. Notably, PD-L2 expression was not associated with any peripheral blood markers. Further studies of the clinical roles of PD-L2 are therefore required in the future.

PD-L1 is a key factor in cancer immunotherapy, and subset analyses in many clinical trials---including the CheckMate, KEYNOTE, POPLAR, and OAK studies---showed a close correlation between PD-L1 expression and the efficacy of anti-PD-1/PD-L1 inhibitors \[[@pone.0217991.ref001], [@pone.0217991.ref003]--[@pone.0217991.ref006], [@pone.0217991.ref047]\]. Therefore, identifying predictive markers for PD-L1 expression is important. We have examined the association between PD-L1 expression and both clinical factors and characteristics of imaging modalities such as computed tomography (CT) and ^18^F-fluorodeoxyglucose positron emission tomography/CT \[[@pone.0217991.ref048]--[@pone.0217991.ref050]\]. Our previous report already showed that serum CRP was significantly associated with PD-L1 expression in different statistical analyses, and elevated serum CRP may represent both the host's chronic inflammatory status, and the host's immune response to the tumor, through elevation of inflammatory cytokines \[[@pone.0217991.ref022]\]. From these studies, we could predict PD-L1 expression by using clinical features, imaging modality characteristics, and peripheral blood markers.

This study had several limitations. First, because it was a single-institution retrospective study and not a trial-based correlative study, the potential for bias cannot be excluded. Second, immunohistochemical analyses for PD-L2 and IDO1 were conducted using only the clones 176611 and UMAB126, respectively, which have not been evaluated in a clinical setting. Therefore, these expressions should be further evaluated using other antibodies. The third limitation was that we examined associations between levels of immune-related factors and peripheral blood markers only in lung AD. We also should conduct the same analyses in other histological types of lung cancer such as squamous cell carcinoma. Fourth, the area under the ROC curves for IDO1 and AMC and AEC seems to be too low to be clinically useful. Therefore, the current findings wouldn't drive testing or serve as pilot data for larger validation studies.

In conclusion, peripheral blood markers could be potential biomarkers to predict the expression of IDO1 in lung adenocarcinoma. However, the results of this study cannot directly serve as pilot data for a larger validation study. We should conduct the same study in another (possibly multicenter) cohort; prospective studies may also be warranted. Further efforts to explore other predictive biomarkers for PD-L2 and IDO1 expression could be useful and interesting.

Supporting information {#sec012}
======================

###### The immunohistochemical stainability of IDO1 antibody between old (2003--2007) and new (2008--2015) formalin-fixed and paraffin-embedded samples.

The stainability did not differ between old (2003--2007) and new (2008--2015) formalin-fixed and paraffin-embedded samples in (A) 640 and (B) 448 patients. IDO1: indoleamine 2,3-dioxygenase-1.
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Click here for additional data file.
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